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CatlIodc crosioll  i s  OIIC! o f  tllc! life! li:l)it-
illg ]I)cdmllisllls for scwral classes of  dcctric
till’(lst{!l’s. Si]lrx, c.atllodc mosioll  i s  stro]Igly
d{!]lmd[!llt  011 tll(!  Cat,llod(! t(!ll)]l[!l’tlt,ll  l”c,  ii

qIIal It it. at.iw:  llllcl{!]stll]lclill~  of  LII{! cfkc(s o f
c21tlIodc oI)c!rtitio]l  011 tll(! Cxlt.llo(l(!  t(!lll])(!l”a-
tIIrc  is r{xlllircd. ‘J$IIC drwc!lo]IIIlc!IIt  o f  a cn(ll -
odc/I)lasIn H illL{!rncLiol) Inodd  for d{!{cr]l)i]l-
illg tlIc lImt lcmcls to tlIc! c.atlIo(lc ns flll]c-
tio]]s of tlI{! v a r i o u s  f r e e  str{!a]II ])lasl  IIa ]m-
Ial I~ckrs  is I) I”{! SC IILCK1. l’llis IIlod(!l is c.o]lll)illd
with a cnt.l Iod{! tJIwInal  ]IIc)dd  ill orcl{!r  to ])r{)-
vidc a c.o]n])lctc  ulId illtf!gr-ntd ])ictur{!  of IIigl]
cklrrw)t cAtlIod{! o])crfitio]l. S[!v(!la]  cwlll])llta-
t,i{nml {:xrtlIIl)lcs nrc used t.{) illllstrak tlIc c.o]ll-
l)illcd IIIodcl,

IIitmdllc.ti<)ll

OIIC of tlIc lmjor issues f o r  tlIe usc o f  clcc.(ric
],ro])lllsio]l  thrusters is lifctillm. Missimls al Ialysm es-
tillla(c  that for electric l~rol]ulsic~ll to IJC a vial,lc  ol)-
tioll,  tllrustcr Iifctilncs lIIusi t~e of tllc order of 1000
t o  1 5 , 0 0 0  IIcmrs.  (;atl Iodc crc)sic)ll, c)lic of tlic l]ri-
IIlary life-lilllitillg IImcl)al)isllw, has Im’11 Sllmvll to dc-
]wIId s[rollF,ly  cm tlic catlIcIclc tcnnl~cratuw [1]. ‘J’llcrc-
forc, jlart d this  study  is intc]lclcxl tc) ])rovidc  a sill]
l)Ic llwarls of I)rcclictillg tlIc catllcxlc tc)llt)craturc  for
various tllrustcr o]mratillg  ccnlditio]ls. III additiori,
tlIc tllcrlllal  characteristics c)f tllc clcctrodcs  rlnist IIC
krlow]l tc) ccIIII])utc’  tlIe overall tllr-ustcr tllcrl]lzil loads
to !IIC sl)acccrtrft.  ‘1’llis ]IIcdcl alsc) l)rovidrw  tlIc al,
l,rol)riatc  l,our)dary  collditior!s at tllc catllodc  sur-
face for lIIodcls of tllc ojwlatillg cllaractcl  istics  of tllc

t]lrustcr. lbr exalII})lc, tlIc currctlt  collt.ours wi(llirl
tlic rl)zl:,llctoljlasll]  aclyllaltlic  (hfl’1)) thruster car]rlot
I)c s}jccificd illdc})clldeiltly of tllc catlloclc tcllll)cra
ture  dis[ril)utiml  lwcallsc tlIr rllajority  c)f tlIc currc]it
is frc)lll tllerllliollic. clllissioli.  Sitlce tllc catllodc  IIiodol
l~oulldary co)ldit,iorls a l s o  delJclId olI tlIc characteri-
stics c)f tllc rllairl  l)lastlla, tlIc two rlwdc]s  ]Itust I)c
ultill]ately  Colll)lcd to c)l)taill arl overfill  rimclc] of t.l Ic
catllc)clc rcg,ioll of tlIc tllruskr.

Several dif[crellt rrl)l)roacllcs  IIEIVC bWII talicr) ill tllc
l)a-<i tc) cllaractcrizc  tllc rlaturc  c)ftllc IIot-catllcdc  arc
l)llysics.  ‘J’yl)ic.ally two rlmdc]s  arc cc)llsidercd,  OIIC  dc-
scrjl)jll~, t,]lc l)las]nd llcar tile catlIoclc  arid thC other
IImdclitlg of tlIc tllcrlllal  characteristics of tfw catlb
ode. l’ast works llavc focusscd ])ri]llfirily  011 OIIC  or
tl,c ot]ler  c,f tlIcsc lIIcJclcls, l,ut Imtll arc IIcedd sirlcc
they  arc closely  CC) UIIICXI. ‘1’llat is, tllc l~las][la lIIcdd
})rc)vidcw tllc IIcat, l o ads  (I)c)ulldary co][ditiorls)  f o r
tlic tllcwl[ial  ll-dCd,  aIId tllc tlicrlllal  II Iodcl ]mvidcs
tllc s u r f a c e  tclli])craturc  wllicll stro]lg,ly afkcts tl)c
}Ilasllla IIcar tlIe cat,lIcKlc tllrou:;ll  tllcrl[liorlic  crllis-
sicnl.

Additiorl  ally, aII clcrlwritary  al)l)roacl] tc) aII overall
r[mdc]  is to collsidcr arl elicrgy balarice fc)r tl)e hfll’1)
tllruster~]. ‘1’tlc Cliflicully  with this rrl)]~roach is ill
detcr)ilitlirlg  tllc llcat loads to tllc clcc~roclcs wllicll
arc tyl)icirlly  al~l)rcmilllatcd as a sil]ll~lc fractic)il  of lIIC
electrical illl~ut, l~owcr. ‘1’lIat  is, for a tllrustcn  olwr-
at, ilip, at, 100 k\$r of c.lcctr ical l)cnvcr, 4 0  lwrccllt  (c)r
4 0  liltr)  rll;iy lIC lmt a.< allc~clc l]catirlg arid 20 Imrccr}t
( o r  20 kW) r,,ay I,c lost  as  catllcdc IIcatiitg. ‘J’llis
awcj~~c}l earl l)c ~ls~flll fc]r c~~llllilliw, c~l)crilll~rltal
data.  Shill et al. [3] usd caloritnctry  c)rl tllc allodc,
catl Iode aIId lJIIIIIIC  to dctcrlnillc  tllc crlcrgy disLribu-
tioll Ivitllill tlIc Ml’])  t]lrustcr. ‘I’l Icy tlIclI, using tile
itll~ut currc]lt,  dctcr][lillcd  ‘(cquivalcu(.  vcdtagc drops’)





is rcquird I)c(wcc)l  tlIc slIcatl  I rrl Id tllc IIlaill lJl?isIIIa
lIody, $itl!ilarly, a rccoltlllitlatioli  re:,ioll exists  at tlIc
c[itlIodc  surface to l)rcxlucc  a tralisitioll  to ])IIIC  clcc-

tIOII  coIId IIc(jc)II  jli t]Ic so]jd. At, tlIc surface, iotls arc
also mllvcrted  to lwutr;[ls, wliic]l  t.l Icl I rc(urll  to tllc
]IlrrsIIIa, lI;rrclI of tlIc rcgicnls  will I)e I)ricfly  discussed
ill tlIc follmi’itlg  scctiolw. A coll]l)lctc dcscril)tiotl  of
cii CII rcg;iml )[lodd,  tl}c Cwcral] IJcar-catllode  J)l~iSIIlil
II Iodcl aIId saIIIl)lc  solllliolls  arc givcli ill l{cf. [ 1 3 ] .

C:ltllo(l[! Slllf:lc{! /1{.<,c.c,l,,l,i,,:iti{,,, ILc:gic)])

I II gcllcral  tllc catl  Iodc surfrrcc is cllaractcriwd I)y
tllc IIlrrtmirrl,  tlIc surface fillisll rrl Id tlIc tcllil)clatrlre.
]’or this  IIIodr=l,  tllc rccoltll)illatioll  rcp,ioll is nssu IIIcd
to  Im iilfitlitcsilll ally tllill aIId is collsidr-rrd  as a sur-
f a c e  cfl’cct. IIlcidcllt  ],articlcs  fro)])  tllc slIcatlI lIcat
tile surface  wllilc clllittcd  I)rrrticks cool tllc surface.
‘1’IIc c]lcrF,y lmla IIcc at tllc surface lJala IIccs tile cIIcrp,y
dc]]ositcd rrl Id rcIIIcrvecl l)y t.l Ie ]~articlcs  will) lIcat. COII
ductioli  irtto tllc solid, and radiilti}’c, coti}rcclive ajId
lIIass (surface crosioll) tralls])ort  to tllc surrollllditlfis.
‘1’IIc IICt ltcat  flllx to tllc surface dllc to tllc ]Ilnsl  IItI is
~,ivc]l hy

aIId tile IICt currcvlt  is F;ivel} IIy

jtot ~ ji -1 jb - j<. (7)

‘1’IIc first II]ajor tm]ll ill l;q. (1) rc])resc]lts tlic ctlcrp,y
fro]]] tllc io]is,  tllc sccolld  tcrlll  frol[l tllc I,lasIIIa  clcc-
tro)ls, tile t h i rd  tcnn frot[l tile tllcrttliollic  clcctrolls,
aIId tlIc fourth is ihc tllcrl[lal  mlcrgy  rctlmcd hy tile
IIeutrals.  111 tllc ion tcrlll,  tllc sul)tcrllls  rc],rcsctlt
tllc mlcrgy  gaillcd frolll tllc voltage drol~ tllrougl) tllc
sljcat,l]  allcl ]~rcsl)catll rcgimls ])lm tllc e)lcrgy IcslI]l-
itlp, fro]!)  tllc rccollll)illat iml of tllc ions al tllc surface.
‘J’IIc })lasllla  elcctrolt  tcrll] cc)lltaills tllc cllcrp,y for colI-
dellsatio]] of iil I clcct roll oII tlIe II]atcl. ial l)lus t.lle tllcr-
lnal cller F,y of tllc clcctrolls, Nok that this  tllcrlllal
ellcrgy contains  two tcrllw Imausc olIly  tltc tiiil elec-
trons  of tfic lk)lt7.111al III dist.ril)utioll arc collsidc Icd,

‘J’l Ic ret ardillp, sllcatll  ]]otc]lt ial scrws to reject ]dasll]a
clcctro]ls  wit]l itlsuflicie]lt Iii]lctic cllcrgy.  ‘1’IIc cllcrgy
flux to tllc surface is t}lrrcforc ol, taitld I,y illtcgratitlg
over  tllc ]~o])ulatioll  of elcc. trolls  t.llat lIavc suflicicllt
clicrgy to c)vcrcollw  tllc sllcatlt  ]Iotclltial,  rwultillg  ill
t lIrI two tcrllls  slIcwv II ill l;q. ( 1 ) for tllc ],laslna clcc-
troll tlle]lllal  ellcrp,y. ‘I’l Ic tllcrllliollic  rlcctrotl  tcrlll
co)lsists o f  tl)c cl)crg;y rcyllird  I)y al) cJ1littrd elcc-
trc]ll to meal Ic frot]l tllc surface work furlction  bar-
rier }I]us  its tllcrllml  c)lcr:,y. ‘1’lIc surface is awul[wd
sllf[iciclltly lollglI to l)c fully accc)tljlllc)clatillg, so t,llat,

tllc Clllittcd ]lcutral  flux i s  equal to tllc io]l currcllt
(ji : ~l’;,,c). ‘1’IIC’ ell)ittcd  ])articlcs  arc a.wu,,,d t,c, I,c
N!axwclliall  wit]l Qllcrgics  ])ro]lortiollal  to tllc surfrrcc
tClll]JCI’atllf  ’C. }~’]lil~ t]lC tCrlll~ rC’])rCSClltjIlg  t]l(’ t]lCr-

IIlal Cllcrp;y rcllmvcd I)y tlIe tllcrtllioliic  electrons and
tllc Ilcutrals  arc sIIIfill coIII]Jarcd  to tllc otllcr  tcrllw,
tllcy are JIot IIcp,ligil,lc alId CaII I,c of tllc o r d e r  o f
tells  of ]wrcellt of tllc other tcrtlis  ulldcr ccrtaill  coll-
ditiolls,  SUCII as low sllcatll voltages c)r for ~,a.ws with
low ioltizatioll  ]mtclttia]s  suclI as litlliuII1.  III addition,
rrrdiatiw  alId ccnlvcctivr tralls}]ort  frolll tllc surface as
WC]]  as colldllctioll  into tllc IImtcrial arc a]so collsid-
crd for tllc cwcrall  ellcrgy Ijalallcc,  dcl)clldillg 011 tile
s])ecific ]Jrol)le]li. ‘J’IICSC  effects arc illcludcd ill tllc
tllcrllml  II Iodcl.

l“c)r lligll catllodc  tclllJwraturcw, tltcrllliollic  clllis-
sioil i s  t,llc dolllillallt  currcllt  coltductiori  )Ilecllallisln
ill tllc IIcar-c.  at]lodc  rcgioll [12]. ‘1’llerll)iollic, Cl)lissioll
i s  dcscril~d  I)y tlIc e]n])irical  l{icllarclsoll-  I)~lslllllall
rc]atioll  S] IOWII  ill l;q. ( 3 ) .  ‘J’IIc tllcr)lliollic cll)issioll
i s  cxtrcllmly  scllsitivc  to tllc WIUCS  of tllc l{icllard -
SOII C.ocflicicltt,  A~(, and tile IIlatcrial  Ivorli fullctiol]
~. A  1/2 CV cltaltge it, trwrli furlc[iori CaII I)roducc
IImre  tllall  all order of IImgllitrldc  cllall:,c ill currclit
dclwity. ‘J’lIc  ]{icllardsoll cocflicicllt  and tllc w o r k
fullclio]l lIIfiy a l s o  IIC tc)lll)crature  dc]wlldcllt,  l’a<t
autl)ors  usually  lIIodcl c)lIc of tllcsc ])arallmtcrs  as a
fullctic)ll o f  tlIc surfidcc  tel[i])eraturc  wl]ilc  tlIc otllcr
rclllaills  collstallt[14].  III addilioIl,  tllc surfidcc clcc-
ttric field acts  to cllllallcc  tllc clllissioll, a ],lIcIIoIIIcvIol I
kIIOWII  :IS t]lc Sclldtky effect [15], ‘J’lIe  effect is SIIOWII
a< a lo\\,crillg of tllc IIlatcrial  work fullct,ioll ill l,;q. (4),
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‘J’lIe  II)ar,l)itudc cjf tlIc clcclric  f i e l d  at tlIc catlIodc
surface  i s  })rilnarily  clct,crlnirld  lIy tlIc c]larackris.

tics of  tlIe Sllcatll rcgioll, ‘J’l Ic $kllottky  M’cct call
sip, Ilificalltly cl IaIIgc tllc tlicrllliollic  cl]lissioll currcllt
dmlsily. l“or tllc c.ollcliticrlls of ilikrcst ill this  st, udy,

tlIc Scl Iottky  clTcct IIlaycllallp,c  tlIc work fu]lctioll I,y
several tclltlis of all clcct,roll volt, rcsultil]p, ill si~,llifi-
callt  cllallgcs ill tllc tllcrlnioliic  currcl]t.

Sll(!nfll  l{{!gioll

‘1’}Ic sllezitl]  rcgioll is iissLll IIcd to collttiill collisic)ll-
Icss }Iarticlcs wittt ccjl[stalit toial CIICrgIAy  (I)otcittial
])lus  Iiitlctic).  ‘J’tlrcc sl)ccics a)c mllsidcrcd,  IIallwly
IImllocllcrgctic  tl]cu-llliollic  (c)r l~call]) clcctr{~lls, sillg;ly
c]]ii~~,~(]  IIml!c)c]]crgctic ic)])s,  iIJId h~iixkvc]lia]l  clcc-

trolls  c)rigillatillg ill tllc IIlasfl)a [4] [ 6 ] .  l’ur[llcr, tlIc
sl]catl] tllickflms  is assulimd to I)c lIIucl I less tllall tllc
IJarllm rtidii of tllc l)articlcs,  aIId tllcrcforc,  IIlagllctic
ficldcflcct.soil tllcl,articlct rajcctoricsarc llcgligil,lc.

‘J’IIc II Ic,clcldcvclol~ccl  llcrcis sil]lilar tc)tllcc)llel)rc-
Sc]ltcd  ill l{cf. [4] l)llt illSOill Cllld CS tllc tllcrlllal  Cll Crgy
c) ftjllctl]c rlllic)l)icc  lcctrc)lls, l’;bo (: 27~/Y;) ,allduscs
ii IIorll)alizatic>ll  sllc.11  that tlIc IIorllmlizcd  tllcrlIlic)Ilic.
currcllt  dcllsity,  Jc, is i]ldcjm]lde]lt of t.]ic ]Ior]lm]iwxl
sllcatll  volta?;c, ?Ic. ]“C)r  ii S~~blCS]lCa~]l k) OC.C(Ir, t]lC

ions II IIIst c]ltcr tlIc sllcatll  witl[ c]icrgics equal tc) or
gt~i\tCr tlliill tl,e 11011111 IIlillilnulll cllcrgy [ 1 6 ] .  ‘1’IIc
io)ls IIcrc arc a.wwtIIcd  tc~ c]ltcr  tl]c slIcmtlI wit]] cl~cr-
g;icw cqua] to tlIc llolIIII  lnillitiluIll  cllcrgy wllicll is rcj)-
rcsclllcd  astllcl  lc)llllll )otle]ltial,  VII. ‘I’IICII1;ISII  I{IQICC-
trolls  am assulllcd  to I)c Maxwcllial] a]ld rcfcrc]lccd
t o  tllc clcctroll  clc)]sity  a t  tllc slleatll  edp,c. ‘1’IICSC
clcc(rmls  fall ink) two cltisscs, lIal IIcly t]losc wit.11 slIf-
ficicl[t killcticc llcrgyt c)ovcrcolttctl lcsllctitll rctard-
illgl)otclltial aIId rcacll tllc c.atlloclcsurfacc  a]ld t]losc
with illsuflicimlt culergy  tlkatl are rcl)cllcd lmck to tllc
IIlaill }Jlasllla. ‘J’IIc  corrcsljolldiilp, flux o f  tlIc Ili!,ll
cllergy clcctrolw  constitutes tllc l)laslna clcctrml cur-
rcllt.  ‘IIIc  Ollc-clilrlcll siollal ]’oissoll cllargc cquatio]l

is used to dcscrilm tlIc electric field and tlIc electric
Imtclttial

‘J’IIc  vcdtage at tlic sll~ittll (~d~c  WaS set to ~cro its
a rcfcrmlc.c  ])oi]lt and tllc clcc.tric fic]d is assu IIIcd tc)
l)C (.,}, ill tll(’sllc!at]l C&!, ‘J’IIc  sllcatll  rcgiorl IIICIdCl
])rovidcs  a rclat,ioll for tllc electric. field at tllc Grtlk
odc surfac.c give]] I)y lI;q. (5). ‘J’llis  cquatioll  is used
tc)cc)IllI)lltctl lcScllc~ttkycfl cctall(l cc)l]l])lctestlicclc-

scril]t,  io]l of tlIc tllcrllliotlic  Clllissioll  cutrc]ltj giVcIl ill
1’:(].  (3) tilld  l’;q. (4) .

l;xl)rcssiolls  f o r  tllc Ilorl[lalizcd  ion IIutlll)cr clcnsity
alId tllcllc)rlll:{lizc(l IIolllllcllcrg,y arcgivctlitl ltq. (6)
:i]Id 1’Jc1.  (7) resj~cctivrly.

l’~(!Sll(!iltll  n:]d l(nlizatio]) ILcgi(]lis

“J’lIc  iorlizatio]l and l]rcsllcatl) rcgic)lls coIIIIect tllc
slIc:itlI rcp,ioll with tlIc IIlaill })lasl]la lIocly [ 9 ]  [15].
‘1’lIc ~~ur}~cxc c]f tllc ~,rcsllcatll rc~;ioll is to accclcratc
tllcic)lls  sc)tllattl lcyclltcrtl icsllcatll rcp,iml with tile
IIli)lillllllll cl]crp,y required fc)r a stal)lc  sllcatli  (11011111
cllcr~,y)  [l G]. lbr tliis II Jc)dcl  tl)c I)rcsllcatll rc.gioll is
col]]l)i]lcd  With tlIc iotli~ratio~l zol Ic by rcquiringtl)at
io]ls lravc tl]c iorlizaiioll  rcgicnj with tllc lICJIIII  cvl-
Crp;y. ‘1’lIc ic)llizatioll rcgioll gcllcratcs  tllc rcqllircd
IIulillwrofic)]l arid clcctr-o[l l)airstc)lllatcll tlics}lcatll
and lnaitl IJlasll]a  }mdy  values. AII ill~ls~ratic))loftll(:
IJ:trtic]csclltcrillgallcl  ]cavillg tl}c iollizatio]l rcgiol)  is
slIo\v II ill  l“ig,. (2). ‘J’IIc  Ilu][d)cr  dcllsity of tllcclcctrol(
and ml I l}alrs that c.w I I)c IIroctuccd  }Iy lollizatlo[l is
dctcrll)illcd  by tllc cllcrgy halallcc,  Sil]cc oIIly singly
cllargcd io]ls arc collsidcrcd,  tlIc IJrc)ductio]l  rates of
tlIc imls, Iii, alId tlIc clcctrolls,  lie, arc e q u a l .  Sillcc
tllc cat]lodc  surface is assu]llcd to I,c t’IIlly  accolllr[m
dat. iltg, t}lC iOll flUX, ji/C, tO tllC sllcatl) and tllc flu>:
of tlcutra]s  frol]l  tllc surfiicc, l;,, (, arc cqua]. ‘1’IIc  CII -

cr~y cqllatioll  ill tllc iorlizatio]l  rcgio~l caIl l)c Writtcl]
as

(8)

4



l:ip,ure 2: IIludra(ioll  of io]iizat iol) rcgio]l.

‘I’l Ic IJrcdol]lillallt  terlns fir-c tlIc cllcrgy a d d e d  to

tlIc rcgic)ll lIy tlIc tllcrlllic)llic clcctrolls,  tlIc c]lcrgy
coIIsu IIIcd  I)y iollizatioll, tlIc cllcrgy rc)lmfcd  I)y tlIc
iolis to llIC SlICatllI,  alId tllc cl)crgy  rcllloved I)y tlIc
l)lasIIIa  clcctro]ls  to bcItlI tllc sllcatll  (tliird tcrlll)  aIId
tlIc IImill l~laslm (fourth  tcr]n).  ‘J’lic relative  sizes c,f
tJIc currcnl  dcllsitics  clctcrlllillc wllicll cllcrgy rc]llcwal
tertil  dolnil]atcs.  ‘1’lIc cllcrgy cqllatio)l  CaII I)c Ilorlllal-
izcd itlto a trtillcclldclltal  cquatio]l  of (Ilrcc varial)lcs,
I/c, Jb ril Id ]’/’bo [13].

]’rcvious a u t h o r s  h a v e  u s e d  a silll])lcr  forln c)f
l’kl. (8),

jb V, ~ ji <1. (9)

‘1’llat  i s ,  all o f  tflc cllcrgy g;aillcd  I)y  tlIc tllcrllliollic

clcctro]ls ill  tlIc slIctitlI  is used to crcatc ions [9] [1 5].

‘J’tlis  cquatiml }Jrcrvidcs  rrlI algcl)raic  rclatio[l lmtwccll

tltc slicatll  voltage and tlIc tllerllliollic current,  as COIII

l)arcd tc, lkl. (8) wllicll  is trdllsccildclltal, N o t e  t h a t

altllouF,ll l;q. (8) i s  l]mrc colll])licatcd  tllall  V;q. (9)
i~ d o t s  IIot colltaill  ally lIcw varial)lcs  (illcludillg  l,IIc

sllca {l} regicu l).
Nculllallll misidcrcd argml and

IIclilllll at 1 atrll [lb]. A scll)i-illfillitc  tlloriated  tullg,-
stcII catllodc  (~, I 2.6 cV, Al {  = 1  A/C I112/K2), with
currcllt,  densities  of 3536 tc) 3837 A/CI112 with slleatll
voltages  of 31.09 and 4.66 volts, rcv+])cctivcly,  was all-
alyzcd.  l’or t h i s  rallgc, tlIc l)l:tslna elcctroll currcl!t

ra]lgcs froll) ]Icgligii)lc at 31 .0!) vol{s to 30 ])crccllt

o f  tllc total  curlcrlt  fit 4.tXi vo l ts ,  altd  t}lc l)roducts

ill l’}q. (9) rallgc frolll 37.6  to  17.8 k\$’/CII12 rcsl)cc-
tivc]y. [;lcar]y,  tlIc l,lasl IIa clcctro]l currc]lt callnc)t I)c
IIcg]cclcd  fol low ~’o]t ar,c situ aiiolls,

‘J’llcrc tire ul,l,cr  alId lcm’cr lilllits  0 1 1  tlIc llu~lllm
of ioll/clcc.troll  }mirs ill (lIc ionization  rcgiml.  ‘J’]Ic

lll)l)cr  lilllit  011 tllc tlullil)cr of l)ossil~lc ions ljroduccd
is SC( I)y tllc l)rc+surc  assulllill:,  fully iollixwl  l]lfi~lIla
(cl : 1) ,  ~,ivcll ill

1’
“i’’’La’  ‘ ~kY; (lo)

If this  lilllit  is rcacllcd,  tllc excess cllcrg,y to tllc ioli-
i~atiorl rcgioll is assul IKd to lW dissil)atcd  irl II Iodes
olllcr  tlIal I iollizaiioll  o r  tllcrll)al  cllcrgky.  ,Sit[lilarly,
i f  ilIc l)la<llla is sufliciclltly  imlizcd alrcacly, tllcll a
IIlillilllulll IIullll)cr of io)is cxis( as SIIOWII ill

(11)

‘1’llat is, ioll/clcctroll  l)airs IIroduc.cd  outside of tllc
ioliizatioll  rcgioll arc used. ‘I’l Ic iollizai.iml fraction
rcl)rmc]lts  tlIc IIutlll)cr of io]ls l)cr lIcavy l)articlc  (ions
l~lus IIclltrals).  ‘1’lIc wrlucs f o r  tllc l)rcssurc and tllc
iollizaticnl fractioli  oIIly affcc~ tllcsc lilllitillg, colldi-
tiorls al]d IIavc  110 cflcct if tllc IIul]]l)cr  of imls lJro
duccd i s  govcr])cd  I)y tlIc ctlcrgy I)alallcc. III other
w o r d s ,  i f  tlic IIuilli)cr dcllsity calcu]atcd  by tllc cw
cr~y Lalallc.c is  lower tllall  tllc IIlillitl]ulll value s e t
l)y tlIc io~lizatioll fractio~l tllcll tllc wrluc s e t  by tllc
iolli?atioll  frac.tioll is used. Sifrlilarly,  if tllc nulldmr
dcllsity  Wrlucfrc)lll lllcctlcrgy lmlallce isgrcatcrtllan
tlIe va]llc s e t  l)y tllc l,rcssurc,  tlIe WIUC  ca]culatcd
frolll t}lc l)rcssurc  is used.

‘1’llcrc arc II IaIIy otllcr  cflccts that  IIave I)CCII  llc-
glcctcd  in ttlis  forlllu]ation,  for cxaIl]l)lc,  r ad i a t ion
to/frolll hotlI tlIc Illaitl discharge and t,lIc surface,
and IIc)llc{ltlilil]ri(llll  cfl”ccts. A l so ,  tllc ions witfli]l
all h!]’])  tllrustcr earl acllievc axial velocities :,reatcr
tllall  5 0  kIII/S  wllic.lt IIlay sigllifica]ltly  cllalgc  tllc
iollivatic~]l characteristics alc)llg tile cathode frolll tlIe
I)asc to tllc till.

‘J’]Ic  surface,  s]lcatll  al]d I)rcsllcatll/ioIliz,atioll  rc-
gioll  lIIcIdcls  a r c  col[d)illcd  tc) fc,rtll tlIc crvcrall ]lcar-
catllodc])lasllla lIIodcl. ‘I’llcllcatf lllxalLdt llccurrcIltj
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dc]lsity to tlIc surface arc dctcrllji]led  for values of tlIc
clcctro]l  tc]lll)cratrlrc, 7:, tile  catlIodc tc]rllmratrlrc,

V;, llIC slImtlI vol tage,  l~c, tllc ]Jressure,  I’, tlic ioll-
izatio]]  fractiol),  c~, (lIc surface l[laterial,  atld tlIc gas
tyl)c. Wllilc (lIC ]Iorlllalizcd ])arallwtcrs  arc useful for
cxalliilliI\~, tlIc cllarac.tcristics  of cacll regicnl, tlIey arc
IIOt llscful for tfIc co]lhitlccl II Iodcl. ‘J’llis  is l)ccausc
tllc ~CI-lll ill tlIe eltlI~irical rclatic)ll fc)r tfIc tllcrl[iiollic
Cll)issioll  currc]lt  (I{icllar(lsc)]  l-l)(lsllllla]l equation)  for
tlIc Scllottky  c(l’cct does lIot IIorllmlizc  irI tllc s*lII~

]Iialllmr as tlIc Crtl)cr equatim]s. ‘J’llcwforc tlIc colIq)II-
tatimls were l)erforllicd  usi]lg tlIe uilllc~rlllalizcd vari-

hl)lcs.
‘J’IIc r e l a t i v e  values c)f tllc io]l aIId  lJlaslIIa  clcc-

tro]i  currcrtt  a r c  l)rcclolllillalltfy dctcrlllillcd I)y tlIc

Slwa(ll  volt age. ‘1’llc llcat flux to ti le Catllodc sill -

f[ice illcrcascs  until  tllc IIlaxilllllrll im) llullllwr density,
wllicll is set l)y tlIc IJrcssurc ill tllc iolli~atioll rcgioll,
i s  rcaclledl  a]]d tllc]l decrwscs.  IPor crrtfIodc  tcl]]])cr-
atrlres  IICIOW  tlIc ])cak, io]l aIId ],las]lm ckc(ro])  licat-
irlg dollliilatc,  wllik for values  almvc tlIc IJcak tlIc ion
and l)lasllla clcctroll  IIcat fluxes are al)))roxill}ately
colwt,:tllt. (A sligll(, i]lc.rcasc ill tllc ion IIcat ftux o c -
curs because tllc llol IIII  Culcrgy is wcali]y delmlldcvit CIII
tllc catlIodc  tc.ln}wraturc.)  ‘J’llcrefore,  tllc total  licat
flux dccrcaww lxcausc tllc tllerlniol]ic  dcctrml cool-
i]lg cfltct lm~;ills tc) Cfolllitlak. It is Lllis SC1 of curves
tlIat forI[m tlIc Loulldary  collclitiol)s for  tllc tlicrllla]
II Iodcl. ‘J’l Ic tlcar-catllodc  I)lasltla II ICKIC1 is II IOS[ scllsi-
tivc to ilic rllatcrial  work fullc.timl as cxl~cctcd CIUC 10
the cxl)ollclltial  l}atllrc  of t,hc ILicllarclsoll-  l)llslllllall
cqufitio l).

T’lIC!IIIMII  Mod~!l

]’or a givcll set of l~cmlldary  collditiolls,  tfle tllm-lnal
II Iodcl descril)cs  llIc tcllllmraturc distributioli  witllitl
tlIe cat]lodc.  ‘J’llcm arc several orders of a~)l)roxillm
tioll I)y wl]icll tlIc tllerlllal  II Iodcl CaII be doIIc rarlg;-
ill& fro]])  sil]q~lc c)]Ic-  dilllc]lsimlal  alialytical  lnodcls to

COIII1)ICX two cli][lc]lsio]lal  (axisyllllnrtric)  IIullmrical
oIIcs. ‘1’IIc  IIo)]lillcarities  of tllc IIcar-catllodc  ]Jla.wna
II Iodcl c.al I callsc IIulllcrical Cliflicultirs for tllc tllcrl[lal
lIIodcl. ‘J’l Ie ltefit flux to tlic surface fro]ll LIIC l~lasllla
IIlodcl is sensitive to tlIc surfac.c tctlll)cratrlre.  ‘I’l Ic
tllcrlllal  IIIodc4 IImst  I)c r e s i l i en t  CIICNIglI to IIalldlc
large bcmlldary  condition  clIaIIgcs  durittg  tlIc llull~cr-
ical itcratic)lls.  M’llile  tllc sillll)le lIIodcls do lIot llavc
lIIC cal)al)ilitics  for solving (IIC l~rol)lcvlls of illtcrcst,

tllcy l~rovidc  useful  ilisigllts illtc, tllc solu(icnl tretlds
atld I)r-ovidc good first allIlrc)xitl18tic)lls  for tllc start-
itlg collditio]ls  for tllc Iimrc advanced  rIIodcls.

(Jllc:-l)illlcllsic)]ltil  Models
‘J’IIc  sill]])lcs( tllerlnal  II Iodcl i< c)llc-cli[tlcllsic))lal lIc:it
c.ollductioll, givcrl I)y

(12)

A slightly IIIOIC advanced tllcr]lml II IC)dCl  i[lcludm ra-
dial cxlcrl~al l~cat rclim’al  wllcre tllc catllodc  is  :1s
SUIIIKl  to l)c Iltlifor]llly ccmlcd l)y cc)llvcctiml (or litl -
earimd  radiation!). ‘1’}Icsc  lIIodcls are oftcIl rcfcrrcd
to as OIIC and olic-lia!f clillmlisiollal II Iodcls. A catll-
odc wit]]  a Iargc IcII:,(II tc) dialnetcr  ratio, I,/d, call
lIe cflcctivcly  lIIodelcd as all ‘(illfi~lit~  fil I” wit])  a IIcat
flux givcli I)y ]I;q. (13) and tllc axial telllljcraturc  dis
tril~utiotl l)y lf;q. (14) [17].

]Jor catltodes  wit]]  sl[mllcr lj/d ratios it i s  Ilmrc a})-
l)rol)riatc  to slwcify  citllcr  tltc base tcllll,cratrlrc  or
tllc IIcat flux frc~lll tlie base. ‘1’lIcsc  IIIodcls  arc
IIwrc  alll)rol)riatc  for catllodcs  with water  cc)olitlg at
their Imsc, suclI  as tile catllodc ill tllc S tu t tga r t  Z’1’l
ttlrustcr clr ttlc J] ’l, catllcdc  tc.st fiicility (~J’11’)  [18].
Sc,llltic,lls  for citllcr elcctrodc  l)a.se cotlditiolls  can also
I)c found iIl lkf. [17]. IV]lilc  this lIIodcl adds r ad i a l
IIcat rcllmvfil, it is restricted to CIIIC value for tile IIcat
transfer  cocflicicllt,  he,,,, v. lf’or MI actual  thruster, tllc
Iwat tralwfcr  cocf[icicllt lIIay wiry sif,llificalitly aknlg
tllc lcllgtll c)f tile catllodc. ‘J’IIcw  II ICKICIS  l)rovidc a
good first nl,l)roxilnat io]l for arcs wit}l oIIly til) at-
tacllllwllt,  suclI  as arcjcts.

l’c)r all accurtitc  tllcrllml IImdcl o f  tllc Ml’]]
(Ilrustcr  catliodc,  tlw ollll]ic Ilcatillp, lINISt h ill-
cludcd, (:alculatio]ls  for tllc larp,c curre]lts  required ill
N1l’1)  tllruskrs  slIow t]ltit olllllic llcatillg  is the doIIl
illalltj clcctrodc  IIcatillg lrlccltarlislll.  F o r  cxallq)lc, a
12111111 cliallletcr trlllgstcll catl]odc  65 111111 loIIg ],ro
duccs 1 . 4  li\4r lIy ollil~ic llcatiI]F, at 2(NI0 A (pe = 60
x 10-8 ()-)[1).
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A o]ic aIid (J)lc-lialf clitilcllsiollal ~lu][lcrical  SO] IItjOIl
for a catllodc  w]licll includes  radial radiation a]ld coil.
vcctioll,  a~ld ollll}ic l}catillg, for a cylilldrica]  rod wit]]
a conical til) is I)rcselltcd ill llcf. [10] for tllc skady  -
stat,c cttsc aIId ill l{,cf. [1(1] for tllc tratlsic]lt  case. ‘J’llis
lIiodcl assul IJcs col]s(al)t I)rol)crties (c.ollvcctio]l cocfli-
cicl)t, cltlissivity,  tllcrlna]  cc)]lductivity,  and electrical
rmistivity). ‘J’l Ic lmir c)f sccolld-order ordinary  difl’cr-
c]ltia] cquatio]]s  arc soll~cd IIl]lllcrically  wit]] COIISt:i  IIt,

tclii])crfitrlrc  I)c)ul]dary  coliditiolls  at, l,ot,]l cllds. ‘1’llc
lIcat rc]lloval  frc)lll ilIc catlIodc  I)a.w could Iw u s e d
illstcad  of tllc I)a.w tclll])cratrlre  dcj)etldilig  CMI wliicll
j)araltlckr is kllowjl. ‘llIe cquatioll  for tllc cyliildrical
])f,rtio]l  is givctl I)y

(lb)

f o r  Z, < Z <1 wllcrc O : 7’/7ii~), Z : Z/l,, all[l Xl is
tllc axiril Iocatio])  of tllc illtcrfacc  c)f tllc co]]icril and
tllc cylifldrical  ])ort,iol]s. ‘J’IIc cquatio]l  for tllc conical
IJortiol)  is givctl I)y

() , d~o 2 tall D [10
>~2 -i -

Cosp (z tall /3 -1 7’cy]/1,)  ;/z

l’~pe
-i

~’th Iii},[m (X tall P ‘1 7“cyl/1,)]2

for () < X $ 2/. ‘1’lIcse sccollic>rdcr  cquat  io}ls
cal  I h sl)lit lt[to l)airs of  f i rs t -order  cquatiolls  us-
ing tllc tralisforlllatic)ll  } ’1  : 0  al]d }’2 .  (dO/dZ).
‘J’licsc sets of first -orclcr equatio)ls  for this lmlllldary
value I)rol)lcvll  arc solved IIulllcrically using a sllootillF,
t.ccltlliqllc clnl)loyi]lg tl]c fourtll-c)rder l{u]lgc-l{ut(a
IIwtllod coul~lcd with tllc sccal]t rimtllod.  N o t e  tltat
tllr cqualioils  ill Imtl] l{cfs. [10] a],d [19] co]lt+iil,
errors; tllc correct rclatio]~slli]w  arc arc givc]l IIcrc l)y
lIk]IIs.  15 and 16.

So]utio]ls fbr a cathode with a 12 ]IIIJI  dial)wtcr  and
6:) 111111 ]c]lF,t)l arc’ SIIOW’11  ill ]“ig. (4) rtTId ]“ip,. (6) for
a cylitidrical  p;collwtry s l id it] l’ig,. (5) and l’ig. ( 7 )
for tllc cylilldricrtl catllodc  Jvit]l a  flatt,c]LCd  co]lical
till SIIOWII ill lip,. (3) (?’ii), : 2  111!11,  and O : 3 0 0 ) .
l;ip,urcs 4 and 5 slIow tllc ti]) surface ]Icat flux a.~ a
fu]!ctio]l of ti~) tc]ll],craturc  \\,itll currc]it  a.s a ],ara]ll.
ctcr.  l’ositiw }Icat fluxes illdicat.c that tlIc I)ltisllla is
llcatillF, tllc cathode, As tllc currc~lt is irlcrcascd tllc
allmval)lc  ti~l l~cat flux is rcducc+ lwchusc c)f tl~c il]-
crca~cd Joule llcati]l F;. l~igurcs (i and  7 slim tllc axial
(cltlImraturc  distcit]utiolls  witllill ttle catliodcs  for dif-
fcrclit  currcl]t  valuw.  ]:or t lIrw ca<cs, olIly collvcctivc

l:igurc  3: II]ustratioll  of a cylindrical catllodc  with a
flattcllcd  cc,~lical ti]).

coo]illg is co]lsidcred;  that is, radiatiol]  is ]Icglcctcd
and tile l~asc tcl[l]]crtiture  i s  1500 K. lior tllc c.ylill-
drical  gcmi~ctry,  tlic zero currcllt  case is t}lc salnc as
tllc l)illfi~l case ]]]cvic)usly  collsidcrccl.  ‘1’lIc allc,wfil)lc
IIcat load to tile catllodc  til, dccrcaws  with itlcrcasillg
currclit  duc  10 tile IIcat gcllcratioll  fro]ll ollll)ic llcat-
itlg, ]’or a  F,ivc]l  currc]it  value alId ii], tcqll])cratrlrc,
tllc allowal)lc ti]) IIcat flux is furt}lcr  dccreasccl  w,it]l
tile additio]l  of a co]lical till to tllc cathode. ‘1’liis is
dlIe to tllc dccrcascd  crossscctiolial  a r ea  aIId tlicrc-
forc tltc larger tcllll~cratrlrc  ~,radicllt  ncccssary  for a
~)ivcll llctit flux.

‘J’llc tclllI)cratlirc  distril, utioll alollp, lIIC catllodc  is
strongly  dcl)ellclcllt, <)11 (,llc currcrlt  val~lc as sccll ill



11’ig[lrc 4: IIcat  flux as function  of surface tclnl]craturc l~igut-c 6: [;ylilldrical  catllodc  tctllIjcratllrc  disLril]u-
witll currmlt as a l)arallmtcr. tiol] wit]l colls~allt electrical rcsistivity.

l’igare  5: IIcat  flux as fullctiml  ofsurfac.e tcllllwraturc IJig, urc 7: (;ylilldrical  catllodc  tcllllmaturc distrilJll-
wit,l) currcxlt as a l)aralllctcr  for a cylitldrical  catlloclc tic,]] wit]l collica] til) and }vitll constant  electrical  rc-
wit,l] a cc)llical til). sis[ivity.



fip,ures  6 alId 7 .  l“or ]arg,e currcll(s,  tllc IIlaxilnulll
tcllll)craturc  wit,llitl  tllc c.atllcdc is llc,t at tile t,il, I)u(
is  towards tllc lnicldic, w]licll IIIay cxl)laill tllc hll’1)
tlirustcr catliodc  ~tlcl(ill!,  olmrvml  at  tl]e llrlivcrsity
c)f S t u t t g a r t  [20]. ‘J’llis catllodc  al]lJarelltly  ]Iwltcd
ititcrllally  and ruIJturcd due to exc.cssivc  JOUIC llcat -
i]lg  lcavitlg all extcrllal  l)ulgc and all illtcrllal  II  OIIOW
rrre R[20]. ‘I’l Ic larger tclli]wratr]rc  gradients associated

Ivitlj tllc co]lical  (i]) call a l s o  I)e swII.

OIIc si~,llificailt  iltll)rcwelllclit to this  Ilmdcl is tllc
illc]usioll of tclnlmraturc clcl)e]IdcIlt  electric.al rcsis-
tivily.  \Ytlilc tlIc tllcrlllal  collduct,ivity  rclllaitls  rela-
tively c.mlstallt, tlic electrical rcwistivity  cllallges sig-
IIificalltly over tl)e ra)]g;c of tcllll~craturcs  Cxl)cctcd for
llICSC calllodcs,  as SCCVI ill I’iS. (8) [21] .

l’igulc  9:  (;ylilldrical  catllodc  tclnlwraturc  distril)w
tioll wi(ll tcr[ll)craturc  dc])clldcrlt  electrical rcsistiv-
ity.

l“igurc  8: ‘J’llcr]na]  collduc.tivity  al]d electric.al rcsis
tivity  for tullgstml  as a fullctioli  of tcllil)era(rlrc.

A lillcar  curve fit of tl]c electrical rcsistivit,y  l,rc~
v)dcs  tllc rclatio]]

/,, = (- 12.457+ 0.0349-/ 7’) x 10-8 (17)

and a curve flt of tllc tllcr)lml colldllclivity  data yields

L’t}, : 84.60-1  77.76 cxp(-  ~.g{)hX 1 0 ” 41’ )

14{).67  Cxp(-  5.026X  lo”% l’) (18)

‘J’llc lirlcar rcsistivity  call I)c sulwtituted f o r  tlIe
collstalit  v a l u e  o f  pe ii] l;qlls. 15 allcl 16. ‘J’llis
cl IaIIgc call significantly  aflcct tllc rcsu]ts  for currcllk

greater tllatl 1000 A, asscc]l lIy  coln],aritlg  l~ig. (6)
and )’ig.  (9).

It i s  tl)crcforc irlll,ortallt to usc  tile tel[qtcraiurc

dc])clldcllt J)roI~crtics f o r  IIigll-currellt CZWCS, wllilc
tile cc)llstallt lJrcJJlcrties Iliay bc usccl for Icrw-currc]lt
cases. ~Jsitlgc.olmtallt l)rc)l)crtics will sillll)lify t]lcll[]-
IImrictil  scdutiml.

}Vllilct]lcsc  l[mdc]s  arc adequate for silllljlc catll-
odc gcoll[ctries  allcl l)c>ulldary cc)llditiolm  (collsla]lt,
va]ucs)tllcy arcllots l]fficiclltto f[lllyll ]cJdcltllccatll-
odccllarac tcristicsi llclmtric tllrustcrs.  ltiscxl]cctcxl
that t)lc ~,la.sliia cliaractcristics  IIlay c.liallgc sigliifi-
calltly  along tllc ctrtllcdc,  ril Id t]lcrcforc t he  charact-
eristics of tlIc IIc:ir-catllodc  ])lasflia lIIodcl  wil l  bc
sigllificarltly  diflt,  rcllt. A l so ,  o}wervatiol]s at J]’],
IIavc sl)owl]  scvcrc Il)cltillg for collical-ti~) catllodc  and
IIcglig’il)lc IIlcltirlgwitll  llclIlisJ)llcrical-tilJ  c.athodcxat
sitllilar  a]]d llig,ller l)ower lc~’cls [22]. A  II KMIC1  ca-
],al)]c  of IIlodclil]g  a llclllisl)llcrical-ti~ )l)ccl cat}lc)clc is
also IIcccssary.

II;x[)cril[lcllt  al(latas{lggcst  t]lat for hll’l)tllrust,crs

tllc arc attaclllt)cl)t IIlay cxtcIIcl over a sig]lificallt ])cJr-

:)



tire} of tl]c cx]mscd surface area [1]. ‘J’llcvcforc, tllc
tlicrll]al  lIIodcl  lIIust Im cal)al,le  of llmdclill~, olill)ic
IIeatillg and arc attacllrtimlt  over a rallgc of axial ])0
Sit,iolls  ~LS WC]] as t]l!? ti]). ‘1’llcSc  Catllcdcs cwI o},cratc

ill  citllcr tllc t,il) at,taclIIIIcIIt  rIKIdC 01 a IIlorc  d i f f u s e
a(tacllllwl)t,  illustrated il~ l:ig. (10), clq]cvldillg  011 t}Ic

discharge ]Ircssurc.

- =3X-c. . .
ll’iglll-c 1 0 :  IIlustratio]l  c~f IIig]l-l)rcssurc  rrllcl  low-
],rcssurc  cat,hcdc  arc attaclil]lellt,.

‘lklll]jcrat~lrc-(  lc])cllclclit  IIlatcrial  ]Iro]wr(ics  arc
also require.d due tc) i,llc large rallp,c c)f tc]ll])cratures
cx))cricvlccd ill tllc catllodc. l’cm this  s tudy,  a olIc
aIId ollc-lialf-clit  llcllsiollal  fillitc  clifl’crcllcc ]IIcdcl (ax-
ial tcll]l)cratrlrc  distril)uticm  sul~jcct, to radial  l)OLIII&
ary collditio]ls)  was clelJclc)l)cd. ‘1’l]e Itdcl is ca])al)lc
of varinl)lc gcotlwtrics,  tellll)eratllrc -clel)clLclcllt  lllatf.-
rial J)rol)crtics, allcl IIlultillmdc  Ilcat transfer  (arc at-
taclIIItcIIt  l)Ius  radiative a~lcl cmlvcctivc tral)sl)orl)  at
ally axial lcrcatioll. ‘I’](C ca~llodc is discrctizcd  axially
illt,o a givcql ~tul[llwr  of cells. ‘1’IIc slcady  state IIcat
ccluatioll,

: @,’iA”:) . dvrd
-1 -d’j:’f qsu, r -i 9 -d a = 0, (19)

is solved usil]g cclltral  filtitc diflmcllciltg for cacll cell
CKlgc allcl tllc ]I)C(JIOCI of sllc. ccssil’c-over- rclaxdtiolj to
SOIVC tile glol)al set c~f quatimls.

‘J’lic total currcllt  is dctcrlllillcd  I)y illtcglatillg  tlIc
curm]t dctlsity  vtilucs over tllc cllli~tillg surface. ]br

ccrllditiolls \vllcrc tlIc arc is attacllcd  o v e r  a  Illajor
l,orlioll  c)f t,JIe cat]lcde  surface, and t]lcrcforc a large
rallp,c  of cathode  tc]lll)cratrlrm  cxisk, tllc surFdcc  ]icat
flux call vary sigtlificalltly. ‘1’llat is, lwcause tllc catll-
odc surface t,cll]])craturc  will c.liallgc  sigtlificalltly,  sc)

wi l l  tlic IIcat flux slid t)lc currc]ll dcllsity  to tllc sllr-
face.

Co]l)l)i]ic!d ‘i’llm’iilal  and l’lasliIa Mod(!l
Solutiol]s

‘J’tlc IIcar-catllodc  l)]a.wlla It Ic)drl  slid tile catllodc
tllcrll]al  lIKKIC1  arc coll)l,itlcd to for]ll  all overall rfmdcl
of tljc cat]lc)dc-]~]asllla  illtcractioll. l’igurc (1 1) sllc)ws
tllc IIcat flux alId surfticc tclil]jcraturc  relfiticnls f o r
l)ot]l tllc Ilcar-catllodr  j]lastlia IImdcl  and tllc sit[ll)lc
IIcat trallsfcr  IIlc)dcl  (trIIIgstcII rod with a 12111111 di

allmtcr alId  a 65 111111 lel Ig, tlI). %)lut, imis exist,  at t}lrcc

]mi]ltjs; lIaIIIely,  at [lie origi]j  (trivial solu(ioll)  slid t,llc
two t~otl~lcro  solutions wlwrc tllc curves ilitcrscct.  Of
tllcsc,  only tllc IIigll  tcln])crtiturc  (fully ionized) sck
lutio]) is IIllllmrically  stal)le.  ‘J’llcrefore,  tllc vtrluc o f
tllc ljrcssurc  is it[lj)cmtant fc)r this ty]w of discharge
atlcl tllc e]lcrgy l)alallcc ill tile io)lizatioll reg,icnl i s
IIot  llecdcd. ‘1’IIc illfillitc fill solutio~l  is also slIow]I  ill

l~igurc  11: ]Icat  flux as function of surface tcllll)rra-
turc  with tllerlllal  Il]c)dcl  solutions.

l“ig. (11) for a ccnlvcclioll coefliciellt of L W/CIn2/K
a]icl all cllvirollllw]ltal  tcl]ll)craturc  cjf 500 K. N o t e
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that for olmatioll wllcrr  olIly  lij) rittaclltllc]lt  occurs,
all cc)llll)iftatiolis  of Lllc  II Icrdd  j)araliwtcrs  are IIOt ]KM-

sil)lc.

For tlIc ])lasllla corlditicn}s  SIIOWII ill Pig. (11) for
tlIc ollc-clilllcltsiollal sc)lutioll of ];q. (12), 420 \!T were
alj])licd at tile catllodc  tiIJ wit,ll a cui-rcllt o f  L02 A
aII(l  a sarfacc  tc))ll)craturc  c)f 2700 1{. At tllcsc co~ldi-
tiolls  tllc c)llritic llcalitlg  would I)c al)oat, 100” W. Nc)tc
that this cfkct is not itlcladcd  ill eitllcr  II}q.  (12) or
lI;q. (13). For tl]c infinite  fit) solution, tile llcat  load
is 1.() kW wit]]  a currmlt  of 340 A allcl a til) tclllJlcra-
turc  of 2620 K. lbr this case olllllic IIcatitlg would I,c
alwu(  5(I \V. Wllilc olilllic IIcatil]p; call I)c IIeglcckYl

for tile colldiiiolls  used for tllc itlfi]lilc fi)i solatioll,  it
should I[ot I)c IIcglcctcd  for tlIc conditions used ill tllc
c)llc-clilllcllsic)llal  czsc wllerc Olltnic IIcatillg is co]lll){~
ral)lc to tllc Ilcat flux froltl lIIC ]Jlirsll]a.

]br tlIc sJwcial  case wllcrc tllc arc c,][ly attac]ics  at
t}lc tii), SUC.11  as for tllc arcjct, a series c) fsolatio]ls ca]i
},c rcasollal)ly  cletcrll)i]lcd.

l’i~urc 1 2 :  l’cali and mro  l~oilit tcliil)m-atrlrcs  a s  a
11’c)r a givcll set of tllcr-

. . function  ofllorlllalizcd  sllca[ll  vol~a~;c  with work fa]lc.-
IIlal cllaractcrlstrcs  (AC O,,V, kl~, 1,, and AC:) f o r  tllc tic,], a$ a ,Iaral,lcter
(J]lc-clilllcllsic>llal lnoclc],  a]lcl F;ivcil  tllc IJlas)l)a  l)roIJ.
crtics,  mic call solve for tllc illtcrccllt  }millt c)f tllc olIc-
dillmwimial  tllcrllml  ]IIodcl  and Ilcar-catllodc  l)lastlla
]I)odel for tllc fully imlizcd (stal~lc)  case. ‘I’l Ic II KNIC1
})arallwt,crs  call the]) I)c acljustcd t o  cxalllillc  tl)cir
dfCCt S C)ll t,l IC Mrlutiol). lbr cxalll]~lc,  cc)llsidcr  tllc
c.asc c)f Zcrc)  llcat  flax to tllc surface fro]]] tllc ])lasllla.
‘J’llis  sl)ccial case clocs Ilot dcl)crld c,]) tllc tyl)c of tllcr-
IIlal Ilwdcl or o]] tllc tllcrlllal  II IOCICI  ]jarallmtcrs,  al]cl
t]lcrcforc  IJrovidcs  a good rcfercllcc ])c)itlt for cxalti-
itlillg tl)c l)las)na cflccts. Gcltcra]ly, for c.a.ws  \vitll-
out i]ltcr]lal IIcat gcncralioll  (oric-{liltlclisic)llal tllcr-
IIlal lIIodcl), tlIe Li]] teltl])craturc so]utio]l  w i l l  I)c
Loufldcd I)y tile ]mitlt of lnaxiltlulll  IIcat f lax (l~cak
of curve)  and tl]e zero IIc:it flux solutioli,  “J’llis rallg;c
of solut, iol]s call I)c lilllitcd  for ccrtaill  collll]illatiolm of
~)arall]ctcrs, for cxalnI)lc, Sl])al] sllcatl]  vo]tagcs. ‘J’llat
is, tllc diflcrcllcc ld,wcell  tllc zero IIcat-flux  telnl)cr-
atrlrc  and tl]c }wali tclll])cratrlre  ]IIay I)c slllall.  ‘1’IIc
lilllitillg  ti}, tcllll)cratrlrc  soluticms arc slIow’11  ill  I’ip;+.
12 and 13 as a ful]clio]l  of tllc sl]catll  vc)ltagc. Note
tllai two difikrcllt sllcatjll voltages  call l)rodacc  tl)c
sallw ca thode  t.i]~ tcllll)crat.rlre  a]ld tl]at a tcllll)cra- lf’igurc 13: l’cak and z e r o  ]Ioirlt  tclllI~craturcs  a s  a
turc  IIlillilllulli mists. ‘J’llc clccrca.sitlg  tcll)Iw-atrlrc f[lllctioll of  IIorlllalizcd sl]catll vol(agc with ])rcssurc

with clccrcasillg voltage for tl)c large voltag;e  rallgc is as a ljara)llctcr.

a rcsalt of decrca.sillg  ion ellcrp;ics. l“or slliall voltages,
tllc ])lirs]]m electron llcatiag, lmmIIIcs  sig[lificalkt and
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dolllillatcs  fo]- very SIIMI1  voltages (< 4 volts). A lltill-
il[l[llll  slicatll  voltage  mists rrl tlIc IIoillt tvllcrc q~)ca~
all(l Y;,crc) arc tllc’ Salllc’. ‘1’liis  IIlillilllulll is  IIOt IIIC
SaIIIC  as l,IIc tI]il]it)lul)]  discussed l)rcviously al LIIougl I
tlIc voltage values for krtlI Illay tw silllilar.  ‘1’IIc t.i],
tcl])lwratrlrc  is strongly  dc]wIIdcIIt  011 lIotlI  (IIC ]]rm
sure  aIIcl t,]Ic IIlat,wial  work ful)ctioll. Although  a
t}lrcc orders of Il]agtlitrldc  clIalIgc ill ])rcssurc  for a
s])ccific t,llruskr is iiot ]Jrol)al)le, it is 1]0( illcollcci\’-
al)lc for tllc llmtcrial  work fullcticrll to cllallf,c over
tlIc rallgc of 1 eV SIICJWI1.

l’lok of attacllllwrit  area as a failc(ioll  of slicatll
wdtagc  cati I)c sccl I ill l’ig. (14), aild as a function of
ti]) tcllllwrature ill l’ig. (15). ‘J’lIc  satilc dual so]utioll

]’igurc lb: Arc attaclltlwltt  area as a fullctiotl c) fcatll-
orlc tclll]lcraturc  }vitll work futlctic)li  as a ])aralnctcr.

l“igurc 14: Arc attaclllllc)lt rirca as a fullctic)]l  of llor-
IIlalizd slleatlt  vo]tagc with wwrk fulictioll  a s  a ])a-
raltmtcr.

call k SCC]I  for attaclllllcl)t area as for telnlwratrtre
bccausc  tl]c two arc rwlatcd. A s  tllc sllcat,ll voltage
drolx frolrl a IIi.gll  value, tllc c.at]lodc tcIil]matrlre
dccrcascs  bccausc  tllc icn[ cllcrgy tralwfcrrwl  to tllc
surface is dccrcasillg,. ‘J’lIc  clccrcasc  ill tclll])craturc
])roc]uccs a  colll])araljlc  clccrcasc  ill tl]cr]niollic cur-
rcllt  . ‘1’llcrcforc  tllc attaclllrmllt  area IImst illcrc:isc
to ]Ilailltaill  ~l)c sal!]~ ~o(al cl]rrcllt  sillc~ ~i and ~b arC
Imt]]  decrca.sitlg. ‘J’lIc  lllillill]ulll ill tclll],crfitrlre  cor-
rcs]]ollds to tile IIlaxilllulrl  ill attacllllwllt area.  As t\Ie
voltage is furtlllcr dccrcascd  tllc tcll)l)cratrlrc  I)cf;itls  to
itlcreasc  as tllc l~lasllla clcctroll  Ilcatillg  I)cccnllcs illl-
}Ic)rtallt. II;VCII  Lllougll tllc l,lasllla  clcctroll  cui-rc~lt i s

illcrcasill!,,  tl}c tl}crll}ic~llic current  is increasing faster

alId  tllcrc fore tlIc attaclllllc~tt  area dccrcascs. l:igurc
15 illustrates I)cjtll so]utiolw. lbr a givcll t,il) tcllll)cr-
aturc,  two attaclll]mlt area v a l u e s  r(lay I)c ])ossil)lc
corrcsl)otldillg  tc) two diffcrctlt .sIleatll  voltages. “J’lIc
slllallcr  attac]llllcllt  arm will llavc t}Ie larger  sllezrtll
voltage. Also, for a givcll zrttaclllncrlt area, two tclll-
~)craturc  solutions  lllay lw IIossil,lc witli tllc s}nrrllcr
tc]ll],  craturc corresl)olidillg  to tlic larger vcdtagc. ‘JIIc
actual  tllrwstcr  IIlay ollcrtitc  irl citllcr  tllc IIigll-voltar;c
IIlodc  or tllc low-voltag;c  lnodc dcl~cllditlg o]l tllc sl)c-
cific discharge cllarrictcristics[  23]. lt is also ]mssi])lc
fc)r tllc discharge to trallsitiolt  lmtwcwll tlIcsc II Iodcs.
‘1’llc cxl~cri]ncllts  ]nay r-evcal wllicll  olwratio]lal  l[mlc
doil~illat.cs  for a givcll set c)f o~matilig  Imrallwtms.

C;olnImrisoll  with Cxl)milnc!llts

AII CXRIII]IIC soluticn]  usi]l~ tltc fillitc diflcrcltcc OIIC
al)d oljc-llalf dil]lcllsicntal tllcrlllal  II KIdel is colll]mred
wit]] cxl~critllcntal  data ill Fig. (16). lf’or this  cxall]-
],Ic, tllc arc altaclllj)cllt  \vas collstraillccl tc) tile rc-
F,ioll \vitllill 5 IIIIIJ  oftlle (i], (llc]llisI)llcrical  til)). “1’llc
Cw]wrillmtltal  tc)lll]cratrlrc  data were ol)taillcd frorll
]kf. [24]. l~c)r t}lis c a s e ,  tllc currmlt w a s  2255 A ,
olllllic IIcati]lg;  ljroduccd  2.?1 kW, tile arc Ilcat load
w{is 243 \Y, rind tllc Iicats  rcll)cwcd l~y radiaticm and
coc)litlg at tlic catlic~clc base were 1 .bG kW ancl 898 W



Figure  16: ‘Jkllll)crtiture  distril)utiolls  ill h!]’]) tllruskr  catllodc.
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rcsl)cctivcly. (Ulcarly, olllllic IIcatillg i s  tl)e dolllillallt

IIeatillg smrcc. ‘1’lIc  tilj tclll})cratrlrc was 3419 K. It
should Iw ]lotcd that  tllc cxl)criliwlltal  currmlt w a s
fixed f o r  oIIly al)out  2 ]nillutcs at caclI collditicul.
‘J’llcreforc, tllc c.atlloclc w a s  not it] t]lcrllml equi]il)
rilllli and tllc IImasurcd tclill]cratrlrc  l)rofilc ]I]ay bc
off slif,lltly. Additional cxl~crillw[~tal data arc ]KKxlcd
f o r  cat]]odcs  ill tllcr][lal cqailil)riuln  to v e r i f y  tllc
]lKKIc1.  Also,  tllc al)rul)t  cl)ri])gc ill il{c cx])crillwtltal
l,rofilc at, a loca(,ic)ll of al)out  30 11]111  Illay bc duc tc) a
cllal]gc  ill tlIc clllissivity bcxausc of illcrctiscd  tltoriulll

cclvcragc  all{] i s  thcrcfcmc IIot all actual tclnl]craturc

cllallgc  [24]. ‘J’llis  c.llarackristic  was c)l}scrvcd  at II IaIIy

difl’crc~lt test conclitiol]s.

Collclllsiolls

A]]  overa l l  IImdcl dcscril.JitlF;  tllc c,l~crat.ioll  of llif,ll
currcllt  catllodcs IIas I)ccrl Clcvclol)cd. ‘J’llc  IIlodcl

co]lll)iljcs a dcscri])tion  o f  tllc llcar-catllodc  ])las[lla
wit]]  a thcr]lm] lnodcl o f  tlic catlloclc. IJor tllc IIigll
l,rcssurc discl)arges  (about 1  atln) .associatcd wit],
arcjct t h ru s t e r s  wlmtc tltc l~ril~~arily attacllcs a tlw
catflodc  til~, a silnljlrx ollc-dil)]ellsiollal  tllcrlnal  IIlodcl

calI l)c u s e d .  l’or a g,ivcll  ,9A o f  ol)cratillg  ~~aralllc-

tcrs, tlIc overa l l  II Iodcl }Ircdicts a rallF;c  of ol)cratillg

tcll)l)cratrlrcs and arc attacllt])cllts area.s for this  tyl)c
{Jf discllargc.  Also, for a g,ivcll set of C)l)cratitlg  coll-
ditiolls,  it is l)ossil)lc to IIavc two diflcrcltt  cntllodc
tcrlil)cratrlrcs  (wit]] two cliffcrcllt slIcatlI voltages) for
a ~lvCll attaC.lllll Cllt area,  or vic,c Ve r sa .  ‘J’]lis i],di.
catcs  that tllcrc arc two o~matillg,  Ilmdcs for tlie arc
at{ac.lll]]cllt.

]1’or low l)rcssur-c disc. hargcs wlwrc t}lc arc attacli-
II ICIIt i s  IIot C.ollfi]lcd  to tllc till rcgioll  aloIIc,  a  Iilorc

collll)licatcd  tllcrlnal  Inoclc] i s  rcquiml.  ‘J’llis  ]Imlcl
]Ill]st  I)c cal~al)lc of radial IIcat loads as WWli as axial
OIICS. l’rclilni~]ary :Imdc] results ilidicatc  that for this
Lyl)c  o f  ol)cratioll,  tllc lclnpcraturc clf tllc catllodc
ill tlIc arc attacl)lt)cllt  rcgicn] is relatively cotlstallt,.
IIkl)crilucl}tal  clatafrojll Ul]ivcrsity  of Stuttgart also
slicnvs this  trclid, il]dicatitl~  that tlic Inodcl i s  l]rc~
vidillg all a d e q u a t e  clcscril~tioll c)f t~lc cat~lodc a r c
IIllysics.

A cktlowlc:(l~c]ll{!])ts

‘lIIc rcscarcll  dcscribcd  ill this Imj)cr was Colldllclcd
at tllc Jci I’rol)ulsio]l l,al)oratory,  Gliforllia ]llstitutc

of ‘Jkcllllology, arid }vas sIK)]Isorcd l)y Natio]lal Acro
]Iautics and Sl)acc A(ltllillistratic)ll.

l,ist of Vtirial)lm wit]]  Lyl)ic.al uliits

area (1112)
lticliardsoll  cocflicicllt (A/1112/K2)
catlIode  dialllctcr  (III)
clcctroll  cllargc (C)
electric field (V/111)
Norlllalizcd tllcrlnio]tic clcctroli
tlmrlllal  clicrpj
l,articlc  flllx (l,articlc/s)
tllcrlna]  collvcctiol] cocflicicrlt
(W/ln~/K)
tot,alcurrcll{  (A)
currcllt  rlcltsity(A/1112)
IIortllalizcd  tllcrliliollic  currc)lt dcl]sity
lk)ltzl,]alt  ccnlstwlt (J/K)
tllcrllml coliductivity  (\V/in/K)
characteristic Icagt]l  (]1))
l,articlc  lnass (kg)
Ilulll!)cr  dc~mity  (l)arLiclc/ln3)
l,rcssurc  (l’a)
llcatflllx (W/ll?)
radius (11))
cylitldrical  radius (III)
radius of arc attaclllilcllt  s~jc)t (In)
]Icat gcllcratcdl )crullit VC)llllIlC(\fT/lli:+)
tcllil)craturc  (K)
cllvirolllnclltal  tclnl~craturc  (K)
velocity (111/s)

vo]tagc (\T)
Vollltllc (Ill:’)
l)c,sitic)ll frc)~ll catllo(lcslirfacc  (III)

],ositioli frolllcatllodc til,(lli)
]Iorlllalivcd JIositioll  frolll ca~liodc ti]j
IIc)rlnalizcd  l)ositioll froll) catllc~dc til)
to collicirl I)asc

ionization fraction
conical llalf-allglc
IIc)rltlalizcd electric ficlcl

iollizaticul  cllcrgy (cV)

~,crj[lit,ivity  of frwc sl,acc ((;2/N/][12)
cillissivity
llor111ali7cd voltage
llor)llalizcd iollizatic)]l  cllcrgy
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